Aim: To investigate the immunomodulatory effects of andrographolide on both innate and adaptive immune responses. Methods: Andrographolide (10 µg/mL in vitro or 1 mg/kg in vivo) was used to modulate LPS-induced classical activated (M1) or IL-4-induced alternative activated (M2) macrophages in vitro and humor immune response to HBsAg in vivo. Cytokine gene expression profile (M1 vs M2) was measured by real-time PCR, IL-12/IL-10 level was detected by ELISA, and surface antigen expression was evaluated by flow cytometry, whereas phosphorylation level of ERK 1/2 and AKT was determined by Western blot. The level of anti-HBs antibodies in HBsAg immunized mice was detected by ELISA, and the number of HBsAg specific IL-4-producing splenocyte was enumerated by ELISPOT. Results: Andrographolide treatment in vitro attenuated either LPS or IL-4 induced macrophage activation, inhibited both M1 and M2 cytokines expression and decreased IL-12/IL-10 ratio (the ratio of M1/M2 polarization). Andrographolide down-regulated the expression of mannose receptor (CD206) in IL-4 induced macrophages and major histocompability complex/costimulatory molecules (MHC I, CD40, CD80, CD86) in LPS-induced macrophages. Correspondingly, anti-HBs antibody production and the number of IL-4-producing splenocytes were reduced by in vivo administration of andrographolide. Reduced phosphorylation levels of ERK1/2 and AKT were observed in macrophages treated with andrographolide. Conclusion: Andrographolide can modulate the innate and adaptive immune responses by regulating macrophage phenotypic polarization and Ag-specific antibody production. MAPK and PI3K signaling pathways may participate in the mechanisms of andrographolide regulating macrophage activation and polarization.
Introduction
Andrographis paniculata is an herb used in Chinese traditional medicine as recorded in Chinese Pharmacopoeia [1] , and a common remedy for anti-infection treatment [2] . Andrographolide, a bicyclic diterpenoid lactone, 3-[2-[decahydro-6-hydroxy-5-(hydroxylmethyl)-5,8a-dimethyl-2-methylene-1-napthalenyl] ethylidene]-dihydro-4-hydroxy-2(3H)-furanone, is the major active constituent and has various pharmacological effects, including anti-inflammation [3] , anti-tumor [4] , antidiabetic [5] and cardioprotective activities [6] . In clinic, andrographolide has being applied as an anti-inflammatory remedy for upper respiratory tract infection and bacterial dysentery. Andrographolide was reported to have immunoregulatory activities. In tumor-bearing mice it enhanced natural killer cell activity [7] , increased secretion of IL-2 and IFN-γ by T cells and thereby inhibited the tumor growth [8] . In autoimmune encephalomyelitis mice it interfered with maturation of dendritic cells [9] , induced antigen-specific tolerance and thus prevented detrimental autoimmune responses [10] . It suggests that androgra- Macrophages can be activated and phenotypically polarized by different stimuli and microenvironment [11] . In general, activated and polarized macrophages can be broadly classified into two main groups: classically activated inflammatory macrophages (M1), which produce large amount of inflammatory cytokines like TNF-α, IL-1β, IL-6, IL-12, IL-18, and IL-23; and alternatively activated macrophages (M2) that produce other cytokines as IL-10, IL-1Ra, and IL-18BP [12] . M1 participate in polarized Th1 responses as inducers and effectors, while M2 support Th2-associated effects and functions [13] . Macrophages exhibit phenotypic plasticity to control immunological balance in the microenvironment [14] . However, the immunomodulatory effect of andrographolide on the alteration of macrophage phenotype has not been investigated. We studied how andrographolide altered macrophage phenotype in naïve and LPS/IL-4 activated macrophages by comparing the expression of activation-relevant M1 vs M2 cytokines.
Macrophages not only serve as the primary defense barrier in the innate immune response, but also act as important accessory cells in the adaptive immune response [15] . Activated macrophages phagocytose antigens by pattern recognition receptors (such as mannose receptor) [16] , and provided signals to mediate T cells activation. One signal is the major histocompatibility antigen complex binding to T cell receptor (TCR), the other is the interaction of co-stimulatory molecules with their respective ligands on T cells [17] . We observed effects of andrographolide on the antigen uptake and presenting capacity of macrophages by measuring mannose receptor (CD206), MHC I/II and co-stimulatory molecules (CD40, CD80, CD86) on naïve and LPS/IL-4 activated macrophages. In addition, yeast-derived recombinant HBsAg (vaccine qualified) was used as an antigen to induce Ag-specific antibody in a Th2/ M2-dependent mouse model of adaptive responses [18, 19] , and effects of andrographolide on humor immune responses were evaluated by the levels of serum antibodies and the number of IL-4 producing splenocytes.
Studies on the signal transduction mechanism of macrophage activation have indicated that stimuli, such as LPS or IL-4, trigger the mitogenactivated protein kinase (MAPK) and phosphoinositol-3-kinase (PI3K) signaling pathways [20, 21] . MAPK pathway positively regulated the expression of proinflammatory cytokines (TNF-α, IL-1β, IL-6 etc), whereas PI3K pathway conversely inhibits MAPK pathway activation and induced anti-inflammatory cytokines (IL-10 etc) [22, 23] . To investigate the mechanisms of andrographolide regulating macrophage activation and polarization, the effects of andrographolide on phosphorylation level of ERK 1/2 (MAPK pathway) and AKT (PI3K pathway) were analyzed.
Materials and methods

Reagents
Andrographolide was kindly provided by Chong Yuan Biology Science Co, Ltd (Nanjing, China), and it was dissolved in dimethyl sulfoxide (Sigma-Aldrich, St Louis, MO, USA) at 10 mg/mL as a stock solution. LPS from E coli strain 055:B5 was purchased from Sigma-Aldrich. Recombinant murine IL-4 and IL-13 were purchased from Pepro Tech Inc (Rocky Hill, NJ, USA). Human hepatitis B surface antigen (yeast-derived recombinant HBsAg, vaccine qualified) was kindly provided by Beijing Institute of Biological Products (Beijing, China). Fluorochrome-labeled monoclonal antibodies to surface antigens on murine macrophages were purchased from eBioscience (San Diego, CA, USA). Antibodies against phospho-ERK, ERK, phospho-AKT, AKT and β-actin were purchased from Cell Signal Technology (Beverly, MA, USA).
Endotoxin detection
Contamination of endotoxin in andrographolide was assessed by the Limulus Amoebocyte Lysate (LAL) colorimetric assay (QCL-1000 ® Endpoint LAL Assay; Lonza, Walkersville, MD, USA), according to the manufacturer's instructions. The absorbance at 405 nm is linear in the concentration range of 0.1-1.0 EU/mL endotoxin. The endotoxin concentration in diluted andrographolide was calculated with the absorbance from the standard curve by linear regression.
Peritoneal macrophage isolation
Primary mouse peritoneal macrophages were obtained from C57BL/6 mice (SPF, aged 6-8 weeks, SIPPR-BK Experimental Animal Ltd Co, Shanghai, China) 4 days after intraperitoneal injection of 1.5 mL 3% Brewer thioglycollate medium (Kang Run Biology Science Co Ltd, Shanghai, China). Peritoneal exudate cells were harvested from the peritoneal cavity of mice by lavage, washed with ice-cold RPMI-1640 medium (Invitrogen, Carlsbad, CA, USA) containing 1% fetal bovine serum (FBS; Invitrogen), resuspended in pre-warmed RPMI-1640 containing 10% FBS and supplemented with 100 mg/L streptomycin and 10 5 U/L penicillin (Invitrogen), and distributed in wells of the BD Falcon™ culture plates (BD Biosciences, San Jose, CA, USA). Macrophages were allowed to adhere for 2-3 h at 37 °C in humidified atmosphere containing 5% CO 2 , and nonadherent cells were removed by washing twice with PBS. Cell number and viability was assessed using trypan blue exclusion under microscope. Thioglycollate-treated mice will yield about 10 7 peritoneal macrophages per mouse. Pooled macrophages were cultured and treated with andrographolide (10 µg/mL) and/or LPS/IL-4 (100 ng/mL). The purity of isolated mouse peritoneal macrophages pooled from five mice was greater than 95%, as determined by staining with fluorescein isothiocyanate (FITC)-conjugated anti-mouse F4/80 and flow cytometric analysis.
Macrophage viability
Macrophage viability was assessed by the mitochondriadependent reduction of MTT, 3-(4,5-dimethyl-thiazol-2-yl)-2,5- [24] .
Macrophage cytokine production Mouse peritoneal macrophages (4×10 6 cells/well in 6-well plate) were treated with andrographolide and/or LPS/IL-4/ IL-13 for 48 h. Culture supernatants were collected, IL-12p40 and IL-10 concentrations were determined using specific ELISA kits (eBioscience), according to the manufacturer's instructions.
Macrophage surface antigen expression
Flow cytometry was used to determine the surface antigen expression (F4/80, MHC-I, MHC-II, CD40, CD80, CD86, and CD206) in mouse peritoneal macrophages. Briefly, 4×10 6 cells/well in 6-well plates treated with andrographolide and/ or LPS/IL-4 for 24 h were stained with fluorochrome-labeled mAbs (30 min on ice), washed with FACScan buffer (PBS containing 2% FBS and 0.1% Sodium Azide), and fixed with 4% paraformaldehyde. Flow cytometry acquisition was performed on FACScan ® flow cytometer and data were analyzed using CellQuest TM software (BD Biosciences). The percentage of cells positive for each surface protein was determined based upon isotype control staining, and the amount of surface antigen expression of all cells counted was calculated by the following equation: Expression Index (EI)=% positive cells×Mean Fluorescence Intensity [25] .
Mice immunization and andrographolide administration
Inbred female BALB/c mice (SPF, aged 6-8 weeks) were purchased from SIPPR-BK Lab Animal Co, Ltd (Shanghai, China) and housed under pathogen-free conditions. All animal studies were performed in accordance to national and international laws and policies. Mice were grouped as indicated in the experiments described below, each group consisting of 6 mice. Two groups of mice were immunized intramuscularly twice over a 4-week period with HBsAg alone (1 µg/mouse) or followed by intraperitoneal administration of andrographolide (1 mg·kg -1 ·d -1 , 7 d). Another group of mice received HBsAg admixed with Al(OH) 3 adjuvant [1 µg HBsAg+50 µg Al(OH) 3 / mouse] as a positive control. Naïve mice were used as a negative control.
Detection of anti-HBsAg antibodies
Sera were collected from the retroorbital plexuses of individual mice at 2, 4, and 6 weeks after the first HBsAg immunization. Anti-HBsAg antibodies were detected by anti-HBs ELISA kit (Diagnostic Reagent Center of Shanghai Municipal 5 ) were added to wells and stimulated with 0.5 µg/mL HBsAg at 37 °C for 48 h. Plates were washed, and biotinylated anti-mouse IL-4 detection antibodies (2 µg/mL) were added and incubated for 2 h at room temperature. After washing, streptavidin-HRP was added and incubated for 1 h at room temperature, and 3-amino-9-ethylcarbazole was used as substrate. Spots were developed for about 30 min and the reaction was stopped by washing with deionized water. Spots were enumerated manually by inspection under a dissecting microscope, and automatically using an ImmunoSpot Analyzer-BioReader 4000 Pro-X (BIO-SYS GmbH, Karben, Germany).
Detection of ERK 1/2 and AKT phosphorylation
The phosphorylation level of ERK 1/2 and AKT proteins in mouse peritoneal macrophages was measured by Western blot assay. Briefly, in 6-well plates, 4×10
6 cells/well were treated with andrographolide and/or LPS/IL-4/IL-13 for 2 h or 12 h. After washing with PBS, cells were lyzed in the lysis buffer (20 mmol/L Tris, pH 7.5, 150 mmol/L NaCl, 1 mmol/L Na 2 E-DTA, 2.5 mmol/L sodium pyrophosphate, 1% Triton X-100, 1 mmol/L β-glycerophosphate, 1 mmol/L Na 3 VO 4 , 1 µg/mL Leupeptin, 1 mmol/L PMSF) on ice and centrifuged (14 000×g, 5 min, 4 °C). The lysate of cells (mixed with 5×protein loading buffer and boiled for 5 min at 100 °C) were analyzed by 12% SDS-PAGE, transferred to PVDF membrane (Millipore, Bedford, MA, USA) and blocked with 5% nonfat milk in TBST buffer (20 mmol/L Tris, pH 8.0, 150 mmol/L NaCl and 0.1% Tween-20) for 2 h at room temperature. The membranes were incubated with the primary antibody overnight at 4 °C, then with a horseradish peroxidase-conjugated secondary antibody 1 h at room temperature, and detected by enhanced chemiluminescence kit (Thermo scientific, Waltham, MA, USA) according to the manufacturer's instructions. Protein molecular weight was estimated by Prestained Protein Ladder (Fermentas, Glen Burnie, MD, USA). For repeated immunoblotting, membranes were incubated in the stripping buffer (62.5 mmol/L Tris, pH 6.7, 20% SDS and 100 mmol/L 2-mercaptoethanol) for 30 min at 50 °C.
Statistical analysis
Experimental data obtained were analyzed with the SPSS software. Variance between groups was analyzed by ANOVA, means of groups were compared by t-test. Differences with P<0.05 were considered statistically significant.
Results
Endotoxin contamination of the andrographolide preparation
The presence of endotoxin contamination in the preparations of test molecules is a major source of false results, in particular in assays on macrophages which are exquisitely sensitive to endotoxin stimulation. Thus, the presence of endotoxin in the andrographolide preparation was checked, by using a quantitative chromogenic LAL assay. Three concentrations of andrographolide were assayed (10, 50, and 100 µg/mL). At each of these concentrations the endotoxin contamination was below the detection limit of the assay (0.1 EU/mL). To make sure that andrographolide did not interfere with the enzymatic reaction at the basis of endotoxin detection, or with the optical reading of the yellow color developed by liberation of paranitroaniline, the reaction developed by known concentration of standard LPS (0.5 EU/mL) was compared with that developed by LPS in the presence of andrographolide. Addition of andrographolide does not affect in any way the detection of standard endotoxin, as shown in Figure 1 . 
Effects of andrographolide on murine macrophages viability
The in vitro toxicity of andrographolide and/or LPS or IL-4 on mouse peritoneal macrophages was assessed by MTT assay. At the concentration of 2.5-10 µg/mL, andrographolide did not affect the viability of macrophages, but at the concentration of 40 µg/mL, cell viability was inhibited by 50% versus the control (Figure 2) . Therefore, the concentration of 10 µg/mL was used for in vitro studies on macrophages.
Effects of andrographolide on cytokine expression in naive murine macrophages The effect of andrographolide on naive murine macrophage activation was evaluated by measuring expression of M1/M2 cytokine with quantitative real-time RT-PCR and ELISA assay (for IL-12 and IL-10). TNF-α, IL-12, IL-1β, IL-18, and IL-6 mRNA were measured as M1-related inflammatory cytokines, while IL-10, IL-1Ra, and IL-18BP were assessed as M2 activation cytokines. Treated with andrographolide for 24 h, the mRNA level of both M1 and M2 cytokines in macrophages was decreased as compared to untreated cells: TNF-α, 25% of control; IL-12, 5%; IL-1β, 33%; IL-10, 35%; IL-1Ra, 25% ( Table  2 ). The results of M1/ M2 cytokine genes transcription were confirmed by IL-12 and IL-10 cytokine productions detected by ELISA, as shown in Figure 3 .
Effects of andrographolide on cytokine expression in LPS/IL-4 activated murine macrophages
Murine macrophages were activated by LPS or IL-4 for M1 or M2 polarization. In LPS-activated macrophages, transcription of the cytokine genes detected as above was increased after 4 h of stimulation, while induced cytokine expression was partially restored upon longer stimulation time (24 h). In contrast, the expression of the M1 cytokine (TNF-α) was decreased and that of the M2 cytokine (IL-10) was increased in IL-4-activated macrophages ( Table 2) .
The effect of andrographolide on LPS/IL-4 activated murine macrophages was evaluated by measuring expression of activation relevant cytokines. When andrographolide was added along with LPS or IL-4, it down-regulated expression of both M1 and M2 cytokines in activated macrophages, shown in Table 2 .
It is important to note that the most important parameters for discriminating between M1 and M2 polarization are the relative levels of IL-12 vs IL-10 expression. M1 macrophages typically express high level of IL-12 and low level of IL-10, and M2 cells vice versa. Thus, the IL-12/IL-10 ratio has been calculated for untreated macrophages (0.488 at 4 and 0.789 at 24 h), for cells treated with LPS (31.0 at 4 h and 9.02 at 24 h, Table 2 ). The results of M1/M2 cytokine genes transcription were confirmed by IL-12 and IL-10 cytokine productions detected by ELISA, as shown in Figure 3 . Figure 4 .
Effects of andrographolide on specific antibody response
To determine whether andrographolide can regulate the adaptive immune response in vivo, its effect on specific antibody response was tested in mice vaccinated with HBsAg. Mice were primed intramuscularly with HBsAg (1 µg/mouse), and andrographolide was administered intraperitoneally for 7 consecutive days starting from the day of priming. After 4 weeks the mice were boosted with the same dose of HBsAg. Mice immunized with HBsAg plus alum was used as control. AntiHBsAg antibody titers were determined at 2 and 4 weeks after priming, and 2 weeks after boosting (ie, 6 weeks after priming). 
Discussion
Macrophages have remarkable heterogeneity and plasticity that allows them to efficiently respond to exogenous and endogenous signals by changing their functional phenotype [11, 14] . In this study, thioglycollate-elicited mouse peritoneal macrophage (F4/80 + population) [26] have been used to investigate the immunomodulatory activities of andrographolide on the innate immune response in vitro. Our results indicated that andrographolide showed potent immunoregulatory properties in murine macrophages. Andrographolide reduced expression of inflammatory cytokines (TNF-α, IL-12, IL-1β, IL-18, and IL-6) in LPS activated macrophages, which is consistent with a previous report that andrographolide decreased TNF-α and IL-12 mRNA expression and cytokine production in murine peritoneal macrophages, although they did not detect IL-1β, IL-18, and IL-6 [27] . The response of macrophages to the microenvironment changes is of key importance in the ability of the organism to cope with dangers (eg an infection). For example, at the acute stage of an infection, macrophages respond to microbial exogenous signals such as LPS (a structural component of Gramnegative bacteria) and produce pro-inflammatory cytokines (classical inflammatory activation). This reaction is important for the efficient control of growth and dissemination of invading pathogens. At later times, other signals such as the endogenous anti-inflammatory cytokine IL-4/IL-13 can re-direct macrophage activation into an alternative regulatory pathway (alternative M2 activation) that promotes the resolution of inflammation by reducing inflammatory cytokine production and inducing synthesis of anti-inflammatory and tissue repairing factors [12, 28] . We observed the phenomenon in this study that LPS induced a rapid and significant increase of cytokines gene transcription at the early time (4 h), which returns toward background at 24 h. On the other hand IL-4 did not up-regulate inflammatory cytokine expression but was able to induce expression of regulatory molecules IL-10 and IL-18BP also at the late time, and this tendency was also observed in IL-13 treated macrophages (Supplementary Table 1 ). It has been described that a phenotypic switch in the macrophage population occurs over time in some cases and is associated with immune mediated pathology [11] . On one hand, over-production of inflammatory cytokines can lead to chronic inflammation and a variety of autoimmune diseases, including inflammatory bowel disease, rheumatoid arthritis, asthma and even atherosclerosis. On the other hand, over-production of anti-inflammatory cytokines can lead to persistent infection and tumor tolerance [29, 30] . Regulation of macrophage activation by immunomodulatory drugs at specific stage of different diseases can be of important therapeutic benefit. In the present study, LPS or IL-4 activated mouse peritoneal macrophages were treated with andrographolide, to assess the effect of the agent in regulating macrophage activation. It showed that andrographolide significantly down regulated the expression of both M1-and M2-related cytokines in macrophages activated with either LPS or IL-4. As both inflammatory and anti-inflammatory cytokine genes are triggered by LPS and IL-4 (as prototypes of type 1 and type 2 inflammation), the relative activation of inflammatory vs antiinflammatory genes is a better estimate of M1 vs M2 polarization as compared to assessement of single genes. The ratio of M1:M2 cells may be more important than the absolute number [31] . M1 macrophage cells usually have the phenotype showing IL-12 high, IL-10 low, IL-23 high, and M2 cells vice versa [32] . The ratio between IL-12 and IL-10 production is indicative of classical vs alternative activation. We found that treatment of andrographolide for 4 h significantly decreased the LPS-induced M1 polarization (IL-12/IL-10 ratio from 31.0 to 10.8) and slightly reversed the IL-4-induced M2 polarization (from 0.059 to 0.135). After 24 h of treatment andrographolide showed anti-inflammatory effect on LPS-stimulated cells (IL-12/IL-10 ratio from 9.02 to 4.69), but tended toward the M2-like phenotype of IL-4-activated cells (from 0.320 to 0.113). The inhibitory activity of andrographolide on IL-23 was also observed in LPS-induced macrophages (Supplementary Table 2 ). Correspondingly, IL-12 production and the ratio of IL-12/IL-10 were reduced by andrographolide after 48 h of treatment. Thus andrographolide acted as a modulator in macrophage activation depending on the initial microenvironment.
Cytokine environment and cell-cell interaction are important factors in the adaptive immune response. As professional antigen-presenting cells, macrophages not only respond to Th1 and Th2 cytokines and alter their functional phenotypes, but also secrete different amounts of M1 and M2 cytokines and express antigen uptake and presenting related surface markers (such as mannose receptor, MHC and costimulatory molecules) to present antigen protein and activate T/B cells [13, 33] . The effects of andrographolide were thus investigated on the antigen-uptake and presenting capacity related suface markers of macrophages in vitro and specific antibody response in vivo. Andrographolide inhibited LPS-induced expression of class I MHC and costimulatory molecules (CD40, CD80, and CD86), and inhibited IL-4 induced expression of mannose receptor. Similar effects have been observed in dendritic cells, in which andrographolide inhibited LPS-induced up-regulation of the maturation markers CD40 and CD86 [9] . Administration of andrographolide to mice immunized with HBsAg (vaccine quality) significantly down-regulated anti-HBs production. The capacity of andrographolide to reduce macrophage expression of pattern recognition receptor (mannose receptor, CD206) and MHC/costimulatory molecules indicated that andrographolide may inhibit the antigen uptake and presentation and result in reduced specific antibody production. HBsAg induces Th2 biased response and increases specific IL-4-producing splenocytes after immunization of mice [19] . Treatment with andrographolide decreased the number of HBsAg specific IL-4-producing cells in parallel to the decrease of antiHBs production.
MAPK and PI3K signaling pathway have been reported to be involved in macrophage activation [22, 23] , the effects of andrographolide on the signaling pathway activation were analyzed by detecting phosphorylation level of ERK 1/2 (MAPK pathway) and AKT (PI3K pathway). Andrographolide exerted an apparent inhibitory effect on phosphorylation of ERK 1/2 and AKT at the early time (2 h) and reversed or restored them after 12 h, suggesting that ERK 1/2 and AKT pathways may contribute to the regulatory activity of andrographolide on macrophage activation. The inhibitory effect of andrographolide on PI3K and MAPK pathway may indicate that the mechanism of andrographolide modulating macrophage polarization is not the direct activation of naïve macrophages but an inhibitory effect on already activated macrophages.
The results indicate that andrographolide is able to modulate the innate immune response by regulating both classical and alternative activation of macrophages, and regulate specific antibody production as well as antigen-specific IL-4 producing splenocytes. Our study provides more evidences for using andrographolide as an immunomodulatory drug in the therapy for immune disorders.
